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Introduction
Many molecular mechanisms underlying post-transcriptional regulation have been described in recent years, and their direct relevance in controlling various cellular processes is being realized. An especially common regulatory scheme is built on the interaction of RNA-binding proteins to unique sequences located within the target transcript (1, 2) . Once bound to a transcript, these RNA-binding proteins can directly or indirectly mediate specific functions. In the latter case, accessory proteins are recruited to the foundational RNA-protein interaction site via specific protein-protein contacts.
Collectively, these mechanisms regulate diverse aspects of mRNA fate within the cell, including its translation, degradation and subcellular localization (3) (4) (5) . Modulating RNA translation and degradation via small molecule-RNA interactions has been recently emphasized (6) . However, these approaches cannot readily take advantage of endogenous RNA regulatory networks that mainly utilize protein-based interactions to achieve, for example, regulated mRNA subcellular localization. Therefore, achieving exogenously controlled protein-based RNA regulation which simultaneously exploits the diverse endogenous mechanisms evolved to achieve fine-tuned regulation over multiple facets of RNA biology can be advantageous.
The biological utility of naturally occurring protein-based RNA regulation is inextricably linked to its reversibility. Despite some notable efforts (7) (8) (9) (10) , orthogonally controlled and directly inducible protein-based RNA regulation has not previously been fully reconstituted in living cells. The objective of the present work is to broaden the landscape of approaches available for manipulating multiple aspects of RNA cell biology.
A model prominently motivating this work is the system underlying mammalian iron storage and metabolism. This mechanism is based on the interaction between a specific RNA sequence, the iron responsive element (IRE), and an IRE-Binding Protein (IRE-BP) (11) . An IRE is found within the 5′-UTR of ferritin mRNA, and under low intracellular iron conditions, the IRE-BP associates with the IRE and represses translation initiation and, consequently, ferritin protein synthesis. When intracellular iron concentrations increase, the IRE-BP binds iron and undergoes a conformational change (12) , thus lowering its affinity for the IRE. In the absence of bound IRE-BP, translation initiation and ferritin protein synthesis occur more efficiently.
This system can be dissected into three critical biochemical components, namely:
(i) an RNA element "marking" a given transcript for regulation; (ii) a sensor protein that can reversibly interact with the RNA element; and (iii) an appropriate chemical stimulus controlling the RNA-protein interaction. With this framework in mind, a strategy we refer to as transcription factor reprogramming was implemented. As part of this approach, a ligand-inducible DNA-binding transcription factor is effectively converted into a ligand-inducible RNA-binding protein to achieve post-transcriptional control over a target RNA. This efficiently achieves the three key requirements outlined above. For this study, the bacterial transcription factor TetR was selected as a sensor protein. This choice was influenced by several considerations. First, this protein has been extensively characterized and is easily recombinantly expressed and purified (13, 14) . Second, it can be expressed at suitable levels and functions in a broad variety of prokaryotic and eukaryotic contexts (15) (16) (17) . Third, TetR specifically interacts with several cell-permeable tetracycline (Tc) analogs with high affinity, permitting regulation that is independent of cellular metabolites. Last, TetR undergoes a conformational change in response to Tc binding, which significantly decreases its affinity for its cognate DNA operator tetO (18). Thus, by discovering RNA aptamers capable of reversibly interacting with TetR in a Tc-dependent manner, a system analogous to the IRE/IRE-BP can be attained.
The isolation and characterization of RNA aptamers that bind TetR in a Tcdependent manner are reported here. These aptamers bind TetR with low-or subnanomolar affinity, and share conserved sequence and predicted structural motifs. We demonstrate that the in vitro discovered TetR-aptamer system can be adapted to function in vivo to post-transcriptionally control prokaryotic protein synthesis in an anhydrotetracycline (aTc) inducible manner. The experiments described here define both the approach and requisite elements for recreating the fundamental interaction underlying a biologically pervasive RNA regulatory mechanism. Furthermore, our system consists of cell-orthogonal components, which should enable experimenter control over specific RNA-related processes.
RESULTS AND DISCUSSION
Discovering RNA aptamers binding TetR in a Tc-dependent manner. RNA aptamers with these desired properties were obtained using in vitro SELEX (19, 20) .
Recombinantly expressed His 6 -tagged TetR was immobilized on Ni-NTA magnetic beads, and the starting library contained ~10 13 and Motif #2) were detected ( Figure 3a) . Motif #1 is present in all of the sequenced aptamers, and is heterogeneous in base composition. Motif #2 is also prevalent, but purine rich. Neither motif shared significant MEME-detected sequence homology with tetO, indicating that the molecular interactions responsible for DNA operator and RNA aptamer binding are distinguishable at the nucleotide sequence level. However, the consensus regions do not share common position, order, or spacing within the aptamer sequences, which might suggest that binding is less dependent on primary structure, and perhaps more so on factors such as relative positioning of the motifs within the aptamers' secondary and/or tertiary structures.
To explore this possibility further, Mfold (28, 29) was used to predict the secondary structures of the RNA. Three representative aptamers were predicted to fold into stem-loop structures ( Figure 3b ). In each case, the conserved MEME-detected motifs were predicted to occur predominantly in the single stranded loop regions of these stem-loop structures. Together, these findings suggested that preserving both the overall predicted stem-loop structure and the relative positioning of the conserved motifs could be a straightforward approach for defining minimal aptamers.
To test this, aptamers 5-1, 5-11 and 5-12 were selected for further analysis. To further assess the contribution of the two conserved motifs to the TetR interaction, each was mutated individually and both simultaneously within the context of aptamer 5-1 ( Figure 4a ). Motif #1 was scrambled, whereas Motif #2 was replaced with a randomly generated sequence of the same length due to its high purine content.
Mutating one or both of these conserved regions completely abolished aptamer binding to The inducible protein-RNA interaction we report is an important culmination of significant prior efforts towards the goal of discovering such a system that can be implemented in a manner orthogonal to host cell metabolites. In earlier work, bifunctional tobramycin-biotin compounds were used to force a bridging interaction between a tobramycin-binding aptamer in a target transcript and streptavidin as the repressor protein (7) . While this approach could be used to regulate translation in vitro, its effectiveness in cells was not demonstrated, probably due to the inherent cellimpermeability of the tobramycin-biotin compounds. A more recent alternative approach used a mutant FKBP as a "presenter" protein designed to interact with a bifunctional and cell-permeable ligand, AP1867-guanine (8) . RNA aptamers that selectively bound the mFKBP-AP1867-guanine complex with high affinity were obtained. However, the functionality of this system in cells has not been reported. In this present work, we have emphasized using a naturally evolved and efficient transcription factor-ligand pair, an approach that can be readily extended by taking advantage of the many examples of these naturally occurring pairs. Indeed, discovering RNA aptamers capable of interacting with transcription factors with high affinity is not an incidental occurrence for TetR, as other examples, both naturally occurring and synthetic have been reported for NF-κB (23), TFIIIA (37) and bicoid from Drosophila (38, 39) , for example.
Therefore, the selection strategy used in our study can potentially be used to take advantage of other ligand-regulated transcription factors in expanding the functional set of orthogonally regulated protein-RNA interactions.
Natural and synthetic aptamers can bind small molecules or proteins to effect post-transcriptional regulation in E. coli (6, 40) . In comparing the regulation achieved using these systems with that using the TetR/TetR aptamer system, it is important to distinguish two regulatory steps. The first is regulation resulting from the primary interaction of the small molecule or protein with the aptamer target. All these systems can be directly compared at this level. In this study, the interaction of TetR with its aptamer repressed reporter protein synthesis ~ 3-fold. This compares favorably with the previously reported 3-4 fold regulation achieved using the theophylline aptamer (30), and 3-6 fold regulation of the thrS transcript by its tRNA Thr ligase (41) protein product. In these cases, a single regulatory aptamer were presented in contexts similar to that in 
METHODS
Oligonucleotides were purchased from Integrated DNA Technologies. All chemicals used were analytical or molecular biology grade. Cytometric bead-binding affinity assays. Aptamers were transcribed in vitro (48) , and fluorescently labeled at the 3' end using fluorescein-5-thiosemicarbazide (Marker Gene Technologies) as described previously (49) . Labeled RNA was purified by LiCl/isopropanol precipitation and desalted with a Micro Bio-Spin P-30 column (BioRad). RNA integrity and purity were verified by denaturing Urea-PAGE analysis.
Initial aptamer binding and
Labeling efficiency and RNA concentration were determined from A 260 and A 492 measurements.
Quantitative affinity measurements of aptamer interactions with TetR were performed as described previously (50, 51). Dynabeads TALON (Invitrogen) (1 µL)
were washed with Affinity Binding Buffer (ABB) (BB + 10 µg mL -1 BSA) and (GraphPad Software, Inc.). Dissociation constants were determined by fitting these data using nonlinear regression to Equation 1.
where B max is the upper limit of the specific binding signal; and/or 300 nM aTc where appropriate. OD 600 readings were taken for each culture, and all were diluted 1:500-1:1000 in LB, keeping cell number the same across all inoculations. This LB was supplemented with antibiotics for plasmid selection, 0.2 % arabinose (w/v), 10 µg mL -1 chloramphenicol (Cm) (or 5 µg mL -1 with 5-1t mutant #1 to preserve comparable growth rates), and 1 mM IPTG and/or 300 nM aTc where appropriate. Growth rate was measured by taking OD 600 readings over time.
CAT activity assays. Cells were grown overnight and diluted 1:1000 into LB containing 100 µg mL -1 ampicillin and 50 µg mL -1 kanamycin for plasmid selection, 0.2% arabinose (w/v), and either 1 mM IPTG and/or 300 nM aTc where appropriate. Cultures were incubated at 37 o C for 6 h until harvesting. CAT activity was assayed using the fluorescent FAST-CAT substrate (Invitrogen). After extraction, products were separated on silica TLC plates, which were imaged using a Gel Logic 2200 (Kodak) and quantitated using the Kodak Molecular Imaging Software.
Information on vector construction, TetR expression and purification, and SELEX procedure are detailed in Supporting Information. 
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